DMD #31138
glucuronidation of 4-hydroxyindole have been published so far, it may prove to be an interesting compound for studies of human UDP-glucuronosyltransferases (UGTs) substrate selectivity. Many bioactive compounds of either endogenous origin, like serotonin and melatonin, or drugs such as indomethacin, ondansetron, tadalafil, frovatriptan and various tryptamines, include an indole scaffold.
The UGTs are membrane proteins of the endoplasmic reticulum that catalyze the transfer of glucuronic acid from UDP-α-D-glucuronic acid (UDPGA) to various endogenous and xenobiotic compounds bearing different nucleophilic groups, thereby increasing aqueous solubility and facilitating their excretion from the body (Tukey and Strassburg, 2000; King et al., 2000) . The 19 known functional human UGTs are categorized into 3 subfamilies 1A, 2A, and 2B, based on gene structure and sequence homology . The UGTs are variably expressed in different tissues, such as liver, gastrointestinal tract, kidneys, and others Turgeon et al., 2001; Nakamura et al., 2008; Ohno and Nakajin, 2009 ). Most UGTs have broad and partly overlapping substrate selectivity, although often with different kinetic parameters for the same reactions (Itäaho et al., 2008; Kaivosaari et al., 2008) . In addition, a majority of human tissues that express a UGT, express more than one UGT enzyme. Thus, using native samples like human liver microsomes (HLM) is rarely suitable for reliable identification of specific UGTs mediating a particular reaction and individual recombinant enzymes are a better study material for such investigations.
As far as we are aware, the glucuronidation of psilocin by individual human UGTs has not been examined before. Studies of the structurally close and pharmacologically related compound, the neurotransmitter serotonin, revealed that it is glucuronidated almost exclusively by UGT1A6 (Krishnaswamy et al., 2003; Kurkela et al., 2007) . The main aims of DMD #31138 8 (Sneitz et al., 2009) . The relative expression level of each recombinant UGT isoform was immuno-detected employing tetra-His antibodies (QIAGEN, Hilden, Germany) as described earlier (Kurkela et al., 2007) . Protein concentrations were determined by the BCA method (Pierce Biotechnology, Rockford, IL, USA). Pooled human liver microsomes (HLM, lot. 70196), human intestinal microsomes (HIM, lot. 15031), and commercial recombinant human UGT2B15 expressed in insect cells, were purchased from BD Gentest (Woburn, MA, USA).
Psilocin and 4-hydroxyindole glucuronidation assays. Stock solutions of psilocin and 4-hydroxyindole, 100 mM in methanol, were diluted with methanol to the desired concentrations immediately before use. Aliquots of theses dilutions were transferred to 1.5 mL centrifuge tubes and the solvent was evaporated in vacuo at ambient temperature. The solid residues were dissolved in the reaction mixture to yield the desired substrate concentration.
The reaction mixture consisted of phosphate buffer (50 mM, pH 7.4), MgCl 2 (10 mM), DTT
(1 mM, for psilocin samples only), and protein (0.05-1.5 mg/mL, depending on the enzyme source) in a final volume of 100 μL, unless otherwise stated. The suspension was incubated first for 30 min at room temperature, followed by 5 min at 37°C. The glucuronidation reactions were initiated by the addition of UDPGA to a final concentration of 5 mM and carried out at 37°C, protected from light. The reactions were terminated by the addition of 10 µL ice-cold 4 M perchloric acid. In some cases the reactions were terminated by the addition of equal volume of cold methanol (-20°C) rather than perchloric acid addition. Following termination, the tubes were transferred to ice for 30 min and then centrifuged at 16000g for 10 min. Aliquots of the resulting supernatants were transferred to dark glass vials and subjected to either HPLC, UPLC, or LC-MS analyses.
This article has not been copyedited and formatted. The final version may differ from this version. We have developed two HPLC methods to separate psilocin glucuronides, using UV absorbance detection at 270 nm in both cases. In Method A the column was Agilent Zorbax Eclipse C18 Plus (250 × 4.6, 5 µm; Agilent Technologies, Palo Alto, CA, USA) and the column temperature was 40°C. The mobile phase consisted of 0.1% formic acid (A, aqueous) and methanol (B) and the gradient elution was as follow: 0-5 min of 5% B and a flow rate of 1.0 mL/min; 5-17 min of 5→40% B at 1 mL/min; 17-25 min of 5% B again, but at a flow rate of 1.5 mL/min. The retention time of the psilocin glucuronide in method A was 11.4 min.
In Method B for psilocin glucuronide the column was Supelco Discovery HS F5 (4 × 150 mm, 3 µm; Supelco, Bellafonte, PA, USA), column temperature 40°C. The mobile phase consisted of 0.1% formic acid (A) and acetonitrile (B) and the flow rate was 0.8 mL/min throughout.
The gradient in this method was as follow: 0-5 min of 5% B; 5-15 min of 5 to 50% B; and 15-25 min of 5% B again. The psilocin glucuronide retention time in method B was 5.9 min.
The 4-hydroxyindole glucuronide was detected using Method A that is described above for psilocin glucuronide separation and detection. The retention time of 4-hydroxyindoleglucuronide in this method was 12.6 min. Estradiol-3-glucuronide was detected by HPLC as previously described (Itäaho et al., 2008) .
The UPLC system was Waters Acquity UPLC (Waters, Milford, MA) equipped with column manager, sample manager, binary solvent pump, and PDA UV detector. The resulting chromatograms were analyzed with Empower 2 software (Build 2154, Waters, Milford, MA) on Windows XP Professional. We have developed a UPLC method to separate 4-hydroxyindole glucuronide in the presence of psilocin or 1-naphthol and the corresponding glucuronide conjugates. The UPLC column was Acquity UPLC BEH C 18 (1.7 µm, 2.1 × 100 mm, Waters, Milford, MA), equipped with a pre-column, and the column temperature was 40°C. The mobile phase consisted of 0.1% formic acid (A) and acetonitrile (B) and the flow rate was 0.6 mL/min throughout. UV absorbance at 262 nm was used for detection. The the quantification was performed based on the standard curve made using the aglycone, 4-hydroxyindole. In the combined radioactive-UV analysis of psilocin, a glucuronidation reaction containing 1.5 mg/mL recombinant UGT1A10 in a final volume 360 μL, was carried out in the presence of 1 mM psilocin. The co-substrate mixture in this case contained 15.4 μM radiolabeled [
14 C] UDPGA and 500 µM unlabeled UDPGA, and the incubation time was 120 min at 37°C. Following termination and centrifugation, eight aliquots of the supernatant, ranging in volume from 1 to 80 μL, were injected into the HPLC system equipped with both radiochemical and UV-diode array detector detectors. The amount of formed glucuronide (x, nmol) was calculated based on the radiochemical detector signals and following equation:
Where A is the total amount of UDPGA in the injection volume (nmol), B is the area of the psilocin glucuronide peak, and C is the area of the free UDPGA peak. The calculated amounts of psilocin glucuronide were plotted against the area of the corresponding peaks in the UV chromatogram and the resulting plot was fitted by linear regression to yield a standard curve with excellent linearity (r 2 > 0.997). The standard curve for 4-hydroxyindole glucuronide was determined in the similar fashion, except that the enzyme was UGT1A6. The linearity of the 4-hydroxyindole glucuronide standard curve was also very good (r 2 > 0.994). The standard curve for 4-hydroxyindole glucuronide in the UPLC system was generated employing 4-hydroxyindole as a standard, assuming that the UV absorbance of 4-hydroxyindole and its glucuronide are similar.
Effect of DTT on psilocin glucuronidation and product stability. The effect of DTT on the stability of psilocin and its glucuronide was determined by adding this reducing agent to two and 1 mM psilocin, or 0.2 mg/mL UGT1A10 and 100 μM estradiol. The DTT concentrations in the assays were 0, 0.5, 1.0, 2.5, 5.0, or 10 mM. The β-estradiol glucuronidation reaction mixture also contained 5% DMSO. The reaction time, at 37°C, was either 30 min for β-estradiol, or 60 min for psilocin. For assessing the stability of psilocin glucuronide under the the supernatant conditions following reaction termination and centrifugation, the glucuronidation reaction with UGT1A10 was carried out as described, except that the volume was increased to 500 μL. Following reaction termination by the addition of 50 μL 4 M perchloric acid and the subsequent sample processing, aliquots were transferred to dark glass vials and placed on the autosampler plate at room temperature and analyzed by HPLC at 8 h intervals over a 72 h period.
Screening of HLM, HIM, and recombinant UGTs. Psilocin glucuronidation by the different samples was carried out at three substrate concentrations, 100, 500, and 1000 μM. The corresponding screens for 4-hydroxyindole glucuronidation were carried out at two substrate concentrations (100 and 500 μM). The protein concentrations of recombinant UGTs, HLM, and HIM in screening assays were 0.50, 0.25, and 0.50 mg/mL, respectively. The latter two sets of reactions also contained alamethicin at a final concentration of 5% of the microsomal protein concentrations. The reaction tubes that contained alamethicin were placed on ice for 30 min before moving on to the glucuronidation assays (Fisher et al., 2000) . Incubation time of each recombinant UGT was measured by immunoblotting as previously described (Kurkela et al., 2007) and setting the expression level of UGT1A10 at 1.0 for this set of experiments.
Enzyme Kinetic Analysis. The protein concentrations and incubation times for the kinetic analyses reactions were selected based on preliminary assays in order to ensure that product formation was within the linear range with respect to protein concentration and time, and that the substrate consumption was less than 10%. Psilocin kinetics with UGT1A9 (0.20 mg/mL, 60 min incubation time) and UGT1A10 (0.25 mg/mL, 60 min) were studied at 12 substrate concentrations, ranging from 50 to 5000 µM. Glucuronidation kinetic analysis of 4-hydroxyindole with UGT1A6 (0.05 mg/mL, 20 min incubation) contained 8 substrate concentrations, ranging from 25 to 5000 µM, whereas UGT1A10 was assayed for 4-hydroxyindole glucuronidation kinetics under the same conditions as for psilocin glucuronidation (see above). The kinetics of 4-hydroxyindole glucuronidation by UGT2A1 was carried out essentially as for UGT1A10, except that the incubation time was 30 min. Where v is the initial velocity of the enzyme reaction, V max is the maximum velocity, [S] is the substrate concentration, and K m is the velocity at 0.5 of V max .
Substrate inhibition model equation:
Where K i is the constant describing the substrate inhibition interaction.
Allosteric sigmoidal model (Hill equation):
Where S 50 is the velocity at 0.5 of V max (analogous to K m in Michaelis-Menten model), and h is the Hill coefficient.
Two-site biphasic model equation (Korzekwa et al., 1998):
Where V max1 and K m1 are estimated from the curved portion of the plot at lower substrate concentrations. The CL int represents the ratio of V max2 /K m2 and describes the linear portion of the plot exhibited at higher substrate concentrations. 
Inhibition of 4-hydrohyindole glucuronidation by
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Real-time quantitative PCR of UGTs in human tissues. Results of quantitation of UGT1A9
and UGT1A10 mRNA in human tissues have been reported previously (Itäaho et al., 2009) .
For this study, expression of other UGT isoforms found to be active against psilocin and 4-hydroxyindole (including UGT1A6, UGT1A7 and UGT1A8) were measured in the same samples as follows. Total RNA extracted from 47 human livers was pooled. Liver donors were all of European-American ancestry and including both males (n = 36) and females (n = 11). Use of the tissue was approved by the institutional review board of Tufts University School of Medicine. Total RNA purchased from BD-Clontech (USA) included human adrenal gland (n = 62), whole brain, cerebellum (n = 24), fetal brain (n = 59), colon (n = 3), kidney, lung, placenta, prostate (n = 47), small intestine (n = 5), testis (n = 19), thyroid (n = 65), trachea, and uterus (n = 10), while total RNA from Ambion (USA) included human adipose tissue, stomach, pancreas, and ovary. Total RNA (1 µg) was treated with DNase (Promega, 
Results
Psilocin and psilocin glucuronide stability. Stock solutions of psilocin and 4-hydroxyindole, 100 mM in methanol, appeared stable for at least 48 h, if kept at -20°C and protected from light. However, buffered aqueous solutions of psilocin (pH 7.4), particularly in the presence of proteins and at 37°C, as in the glucuronidation reactions, were unstable even for short periods of time. The degradation of psilocin, presumably due to oxidation, was first noticed from the pronounced darkening of the solution, and it was accompanied by the appearance of numerous additional peaks in the HPLC chromatogram. The presence of DMSO in the reaction mixture seemed to accelerate psilocin degradation and, therefore, it was excluded from all the glucuronidation assays involving psilocin and 4-hydroxyindole. However, even in the absence of DMSO, psilocin degradation in the aqueous reaction mixture took place and it was not fully prevented by protecting the samples from light. Hence, it was necessary to find a way to prevent this degradation without affecting the UGTs activity.
The effect of two reducing agents on psilocin stability and glucuronidation rates, ascorbic acid and DTT, was assayed using UGT1A10 as the glucuronidating enzyme. Ascorbic acid prevented the observed darkening of the sample, but its addition led to the appearance of various chromatographic peaks that interfered with the HPLC analyses (not shown). The use of DTT, on the other hand, prevented both the visual darkening and the rise of additional peaks. Moreover, the inclusion of up to 2.5 mM DTT in the reaction mixture resulted in a clear increase in the peak area of the substrate psilocin, as well as a moderate rise in the peak area of psilocin glucuronide ( Fig. 2A) . At the optimal DTT concentration of 1 mM, the psilocin and psilocin glucuronide peaks area were approximately 135% and 115% of the corresponding values in the absence of DTT ( Fig. 2A) . DTT was not included in the 4-hydroxyindole glucuronidation assays since there was no clear need for it. However, DTT was This article has not been copyedited and formatted. The final version may differ from this version. included in the 4-hydroxyindole glucuronidation inhibition assays for consistency, since psilocin was used in part of these reactions (see below).
Possible direct effects of DTT on the catalytic activity of UGT1A10 were excluded following examination of β-estradiol glucuronidation by the enzyme. Even in the presence of high DTT concentrations, the estradiol glucuronidation results hardly deviated from the glucuronidation rate in the absence of this reducing agent (Fig. 2B ). Other human UGTs that catalyze psilocin glucuronidation were also tested for possible DTT effect and, like with UGT1A10, no significant inhibition was found (not shown). The stability of psilocin glucuronide in the supernatant fractions, following reaction termination by perchloric acid addition and the subsequent centrifugation, was also examined. Psilocin glucuronide was stable when stored at room temperature for 72 h, at least if kept in amber glass vials. Based on these results, 1 mM DTT was included in all subsequent psilocin glucuronidation assays.
Screening recombinant UGTs and human microsomes for psilocin and 4-hydroxyindole glucuronidation activity. Glucuronidation of psilocin by the 19 human UGTs of subfamilies 1A, 2A, and 2B was assayed in the presence of three substrate concentrations, 100, 500, and 1000 µM. None of the UGT2A or 2B subfamily enzymes exhibited detectable psilocin glucuronidation activity. Among the 9 enzymes of subfamily 1A, UGT1A10 exhibited the highest activity. Substantially lower activity was found for UGT1A9 and UGT1A8, while the normalized activities of UGT1A6 and, particularly, UGT1A7 were very low (Fig. 3) . A parallel experiment for identifying human UGTs that catalyze 4-hydroxyindole glucuronidation was performed using two substrate concentrations, 100 and 500 µM. The results of this screen revealed that UGT1A6 is by far the most active enzyme in 4-hydroxyindole glucuronidation (Fig. 4) . Moderate activity was observed for UGT1A10, low glucuronidation rates were detected for UGT1A9, UGT1A8, and UGT2A1, while the activity of UGT1A7 was minimal (Fig. 4) .
The psilocin and 4-hydroxyindole glucuronidation activity in HLM and HIM was also examined, using the same respective substrate concentrations as with the recombinant UGTs.
Interestingly, the results showed that while the psilocin glucuronidation rates in HIM and HLM are very similar (Fig. 5A) , the 4-hydroxyindole glucuronidation rate in HLM is about 10 fold higher than the corresponding rate in HIM (Fig. 5B ).
Psilocin glucuronidation reactions by all the tested samples, recombinant human UGTs as well as human liver and intestinal microsomes, yielded only one psilocin glucuronide peak. Neither the use of two different methods to stop the reaction, perchloric acid versus cold methanol addition, nor the two different chromatographic methods for psilocin glucuronide detection (see Methods) resulted in the appearance or detection of a second UDPGA-dependent peak.
Similarly, only one 4-hydroxyindole glucuronide was detected in all our assays.
Enzyme kinetics studies. Studies on psilocin glucuronidation kinetics were performed with UGT1A10 and UGT1A9 (Fig. 6 ), whereas the kinetics of 4-hydroxyindole glucuronidation was examined in UGT1A6, UGT1A10, and UGT2A1 (Fig. 7) . Assay conditions in the kinetic reactions were optimized for the different UGT enzymes so that the glucuronidation rate was within the linear range with respect to both protein concentration and incubation time in each case. In addition, care was taken that no more than 10% of the substrate was consumed in these reactions. It may also be noted here that the number of different substrate concentration points, up to 12, was higher than in most similar studies. Catalysis of psilocin glucuronidation by UGT1A10 followed hyperbolic Michaelis-Menten kinetics (Fig. 6A) . The substrate affinity for the enzyme was low, as indicated by the large K m value (over 3 mM), while the estimated V max value was rather high ( Table 1 ). The kinetics of psilocin glucuronidation by UGT1A9 proved difficult to resolve. The velocity of the reaction rose almost linearly with increasing psilocin concentration until the solubility limit was reached at 5 mM, rendering estimation of kinetic parameters by the Michaelis-Menten equation inaccurate. Inspection of the Eadie-Hofstee plot revealed somewhat convex curving and, thus, the possibility of biphasic kinetics. Hence, the data was fitted using the two-site biphasic kinetic model (Korzekwa et al., 1998) , which assumes the existence of two binding sites that differ significantly in substrate affinity. The K m1 and V max1 values for first, higher affinity site of UGT1A9, were determined from the lower portion of the curve (Fig. 6B) . The upper portion of the plot was linear and no saturation was achieved, making accurate estimation of the lower affinity component K m2 and V max2 values unfeasible.
The glucuronidation of 4-hydroxyindole by UGT1A6 was characterized by pronounced substrate inhibition kinetics (Fig. 7A ). UGT1A6 exhibited relatively high affinity for this substrate (K m < 200 µM) with rapid glucuronidation rates in the lower concentration range (<500 µM), resulting in considerable enzyme efficiency. UGT1A10, on the other hand, displayed low affinity for 4-hydroxyindole, reflected by a high K m value (>3 mM), and high V max value, even if about half the corresponding value in UGT1A6 (Fig. 7B , µM. The mild substrate inhibition at high concentrations of 4-hydroxyindole, 2-5 mM was, however, more obvious and the substrate inhibition equation was thus used to derive the kinetic parameters (Table 1) .
The UGT2B enzymes glucuronidated neither psilocin nor 4-hydroxyindole (Figs. 3 and 4) . It is thus interesting that, in addition to UGTs 1A6-1A10, the only human UGT that exhibited measurable 4-hydroxyindole glucuronidation activity was the nasal epithelium enzyme UGT2A1 (Fig. 4) . The kinetics of the latter reaction was best described by the MichaelisMenten equation (Fig. 7C ) and the analysis revealed low affinity, as indicated by the high K m value (>3 mM), and a moderate V max (Table 1) .
Inhibition of the UGT1A6 catalyzed 4-hydroxyindole glucuronidation.
One of the main findings of this study is that while UGT1A10 interacts with psilocin and 4-hydroxyindole similarly, UGT1A6 exhibits a large preference for 4-hydroxyindole (Figs. 3 and 4, Table 1 ).
The negligible activity of UGT1A6 in psilocin glucuronidation could either be due to poor affinity, binding in a nonproductive way, or both. In order to obtain more information on this we have tested the efficiency of psilocin as an inhibitor of 4-hydroxyindole glucuronidation by UGT1A6. The inhibition assays were performed in the presence of 200 µM 4-hydroxyindole, close to its K m value for UGT1A6 (179 µM, Table 1 ). The results clearly show that the inhibition by psilocin was mild and mainly visible at very high concentrations, above 2 mM (Fig. 8A) . As a positive control for this inhibition study, we have tested 1-naphthol, a good substrate for UGT1A6. In sharp contrast to psilocin, 1-naphthol almost fully suppressed 4-hydrohyindole glucuronidation when added in equimolar amounts (Fig. 8B ).
This article has not been copyedited and formatted. The final version may differ from this version. Quantitative mRNA expression of the psilocin glucuronidating UGTs. In order to gain further insight into the possible locations of psilocin glucuronidation in the human body, we examined the expression level of the genes encoding UGTs 1A6-1A10 by quantitative realtime PCR (qRT-PCR). As shown in Table 2 , both UGT1A6 and UGT1A9 were most highly expressed in liver, with lower but comparable levels in kidney, small intestines, and colon.
Compared with UGT1A9, substantially higher UGT1A6 expression was observed in stomach and trachea, while UGT1A9 was much more highly expressed in liver and kidney compared with UGT1A6. UGT1A7 was most highly expressed in kidney, while UGT1A8 was most highly expressed in liver. Overall, UGT1A7 and UGT1A8 were expressed in much lower levels than UGT1A6 and UGT1A9 in most tissues evaluated. The only exception was adrenal gland which expressed more UGT1A7 compared with other UGTs. UGT1A10 was most highly expressed in small intestine and colon and the levels of UGT1A10 in these tissues were higher than all other UGTs evaluated.
This article has not been copyedited and formatted. The final version may differ from this version. (Fig. 1) .
Psilocin turned out to be unstable under the assay conditions, presumably due to nonenzymatic oxidation (Anastos et al., 2006) . We have overcome this problem by including DTT in the reaction mixture ( Fig. 2A) . The inclusion of 1 mM DTT in the reaction mixture had no significant effect on the glucuronidation of β -estradiol by UGT1A10 (Fig. 2B ). The latter is not in full agreement with two reports about the stimulatory effect of DTT on the glucuronidation of p-nitrophenol and apomorphine by rat liver microsomes (Ikushiro et al., 2002; El-Bacha et al., 2000) . Nevertheless, similarly to β -estradiol glucuronidation, DTT had no obvious effect on 4-hydroxyindole glucuronidation rates (not shown). Hence, it appears to us that DTT may be used as an efficient antioxidant for glucuronidation studies employing substrates that are prone to oxidative degradation.
Both psilocin and 4-hydroxyindole have two potential glucuronidation sites (Fig. 1 UGT1A10 is the most active human enzyme in psilocin glucuronidation (Fig. 3) . UGTs 1A8
and 1A9 also exhibited considerable psilocin glucuronidation activity, while the normalized activities of UGTs 1A6 and 1A7 were very low. Interestingly, the pattern of psilocin glucuronidation by the different human UGTs is different from serotonin, structurally the closest compound to psilocin that has been studied thus far in this way. While serotonin is a nearly selective substrate for UGT1A6 (Krishnaswamy et al., 2003) , psilocin is glucuronidated by UGTs 1A8-1A10 at higher rates than by UGT1A6 (Fig. 3) . It is worth noting here that although serotonin is almost exclusively glucuronidated by UGT1A6 (Krishnaswamy et al., 2003; Kurkela et al., 2007) , serotonin is not a high affinity substrate for UGT1A6. Since psilocin is also a low affinity substrate for the human UGTs that glucuronidate it (see below), the difference between the two compounds from the glucuronidation point of view may not be that large after all.
The 4-hydroxyindole glucuronidation screen revealed 100 fold higher reactivity by UGT1A6 in comparison to its psilocin glucuronidation activity, while the activities of UGTs 1A7-1A10
were rather similar toward both substrates (Fig. 4) . Serotonin is a well known specific substrate for UGT1A6, although it is worth pointing out here that its affinity of UGT1A6, namely a K m value in the range of 5-6 mM (Krishnaswamy et al., 2003) . In any case, the difference in UGT1A6 activity between psilocin to serotonin may arise from the size difference between them due to the more bulkier N,N-dimethylaminoethyl side chain of psilocin (Fig. 1) . It is also possible that the spatial orientation of the psilocin hydroxy group, placed at a position 4 of the indole ring, brings it in close proximity to the conformationally This article has not been copyedited and formatted. The final version may differ from this version. flexible side chain in position 3, therefore inducing steric hindrance which has a detrimental effect on UGT1A6 activity. This steric hindrance hypothesis is in line with the finding that 4-hydroxyindole, a structural analog of psilocin that lacks side chain, is a very good substrate for UGT1A6 (Fig. 4) . Nevertheless, the inhibition studies (Fig. 8) suggest that the size difference between serotonin and psilocin may be of primary importance when binding to UGT1A6 is concerned. Psilocin inhibits glucuronidation of 4-hydroxyindole by UGT1A6 only when present at a concentration that is 10-15 fold higher then 4-hydroxyindole, while 1-naphthol is efficiently inhibiting at equimolar concentrations (Fig. 8) . Thus, it is tempting to suggest that the relatively bulkier side chain of psilocin prevents it from binding to the active site of UGT1A6, the somewhat smaller side chain of serotonin allows for low affinity binding, while 4-hydroxyindole faces no (or much less) size limitations in its binding to UGT1A6.
Looking at the differences between psilocin and serotonin from the point of view of UGTs 1A8-1A10, one may wonder if it is the position of the OH group or the chemical nature of the side chain that is mainly responsible. It is possible that the significantly higher hydrophobicity of psilocin (logP = 1.45, Migliaccio et al., 1981) in comparison to serotonin (logP = 0.2, value from http://pubchem.ncbi.nlm.nih.gov/), plays a role in stimulating psilocin glucuronidation by UGT1A10. On the other hand, since the activities of UGTs 1A8-1A10 in 4-hydroxyindole glucuronidation (Fig. 4 ) are similar to their respective psilocin glucuronidation rates (Fig. 3) , the presence or absence of the N,N-dimethylaminoethyl side chain appears to have a minor effect on the preference of UGTs 1A8-1A10 for psilocin over serotonin.
Although UGT1A10 is the most active human UGT in psilocin glucuronidation, the affinity of psilocin for this enzyme is low (Fig. 6A , Table 1 ). The glucuronidation of psilocin by UGT1A9 exhibited atypical kinetics (Fig. 6B ) that may be best described by a two-site This article has not been copyedited and formatted. The final version may differ from this version. biphasic kinetics model in which the first binding site (could also be a sub-domain within a large binding site) has higher affinity but low turnover rate, while the other site has very low substrate affinity and a higher turnover rate (Fig. 6B , Table 1 ). Biphasic kinetics in UGT1A9 was previously described for naproxen glucuronidation (Bowalgaha et al., 2005) .
The 4-hydroxyindole glucuronidation kinetics of UGT1A6 revealed high substrate affinity, considerable turnover rates, and pronounced substrate inhibition (Fig. 7A , Table 1 ). It may be added here that the screening results suggest that substrate inhibition also takes place in psilocin glucuronidation by UGT1A6 and UGT1A7 (Fig. 3) . The high activity of UGT1A6 towards 4-hydroxyindole, as well as the results of the inhibition experiment (Fig. 8) , are in agreement with the broadly accepted idea that UGT1A6 "specializes" in small and planar aromatic substrates.
Our results concerning the expression of UGTs 1A6-1A10 in a selection of tissues are generally in good agreement with a recent study that employed a similar qRT-PCR method (Ohno and Nakajin, 2009 ). The gene expression results revealed that none of the examined UGTs, namely 1A6-1A10, is expressed in the brain ( Table 2 ), implying that in humans neither psilocin nor serotonin is glucuronidated inside this organ. The expression level of UGT1A10 in the small intestine is over 100 fold higher than its expression in the liver, an organ in which UGT1A9 is highly expressed (Table 2 
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27 rate in HLM (Fig. 5A ). In the case of 4-hydroxyindole the glucuronidation rate in HLM was about 10 fold higher than in HIM (Fig. 5B) . The qRT-PCR results, together with the kinetics of 4-hydroxyindole glucuronidation by UGT1A6, suggest that most of the 4-hydroxyindole glucuronidation activity in both HLM and HIM is due to UGT1A6 activity. However, some contribution of UGT1A9 to 4-hydroxyindole glucuronidation in the liver cannot be excluded.
In this study we have examined the glucuronidation of psilocin by the human UGTs of subfamilies 1A, 2A, and 2B. UGT1A10 is the most active enzyme in psilocin glucuronidation, but UGT1A9, due to its high expression in the liver, may be the main contributor to psilocin glucuronidation in man. Alongside psilocin, we have analyzed the glucuronidation of 4-hydroxyindole, a structurally related indole, and found that UGT1A6 plays the major role in its glucuronidation. These results shed new light on the substrate selectivity of the human UGTs, and suggest new directions in this complex research field.
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